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Clinical respiratory illness was compared in five homozygous chicken lines, originating from homozygous 
B2, B8, B12 and B19, and heterozygous B2/B12 birds after infection with either of two strains of the infec- 
tious bronchitis virus (IBV). All chickens used in these studies originated from White Leghorn and Ancona 
linages. IBV Gray strain infection of MHC homozygous B12 and B19 haplotype chicks resulted in severe 
respiratory disease compared to chicks with B2/B2 and B5/B5 haplotypes. Demonstrating a dominant B2 
phenotype, B2/B12 birds were also more resistant to IBV. Respiratory clinical illness in B8/B8 chicks was 
severe early after infection, while illness resolved similar to the B5 and B2 homozygous birds. Following 
M41 strain infection, birds with B2/B2 and B8/B8 haplotypes were again more resistant to clinical illness 
than B19/B19 birds. Real time RT-PCR indicated that infection was cleared more efficiently in trachea, 
lungs and kidneys of B2/B2 and B8/B8 birds compared with B19/B19 birds. Furthermore, M41 infected 
B2/B2 and B8/B8 chicks performed better in terms of body weight gain than B19/B19 chicks. These stud- 
ies suggest that genetics of B defined haplotypes might be exploited to produce chicks resistant to respi- 
ratory pathogens or with more effective immune responses. 
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1. Introduction 


Infectious respiratory diseases are responsible for considerable 
economic losses in commercial poultry operations. The respiratory 
avian coronavirus, infectious bronchitis virus (IBV), has consis- 


Abbreviations: IBV, infectious bronchitis virus; MHC, major histocompatibility 
complex; M41, Massachusetts 41; RT-PCR, reverse transcription polymerase chain 
reaction; SARS, severe acute respiratory syndrome; RSV, Rous sarcoma virus; MDV, 
Marek’s disease virus; SPF, specific pathogen free; PI, post infection; EID59/ml, 
embryo infectious dose 50 per ml; NIU, Northern Illinois University; PBS, phosphate 
buffer saline; RNA, ribonucleic acid; 5’ UTR, 5’ untranslated region; bp, base pairs; 
ANOVA, analysis of variance; ARK, Arkansas; CTL, cytotoxic T lymphocyte; AIV, 
avian influenza virus; IFNy, interferon gamma; poly I:C, polyinosinic polycytidylic 
acid; USDA, United States Department of Agriculture; NIFA, National Institute of 
Food and Agriculture. 

* Corresponding author at: College of Veterinary Medicine, Western University of 
Health Sciences, E. 2nd St., Pomona, CA 91766-1854, USA. Tel.: +1 909 469 5291; 
fax: +1 909 469 5635. 

E-mail addresses: drgb09@gmail.com (G.R. Banat), stkalcic@westernu.edu (S. 
Tkalcic), dzielawa@gmail.com (J.A. Dzielawa), mjackwoo@uga.edu (M.W. Jack- 
wood), msaggese@westernu.edu (M.D. Saggese), ebriles@niu.edu (W-.E. Briles), 
ecollisson@westernu.edu (E.W. Collisson). 

1 Hart Hureik, Kassis Street, Itehad Bldg., 2nd floor, Apt. 202, Beirut, Lebanon. 

2 Genomics Institute of the Novartis Research Foundation, 10675 John Jay Hopkins 
Drive, San Diego, CA 92121, USA. 


0145-305X/$ - see front matter © 2012 Elsevier Ltd. All rights reserved. 
http://dx.doi.org/10.1016/j.dci.2012.10.006 


tently been a major agricultural problem in chickens for many 
years (Cavanagh, 2007; Collisson et al., 1992). IBV was the first 
coronavirus described (Schalk and Hawn, 1931) and the first for 
which the entire genome was sequenced (Binns et al., 1985; Bours- 
nell et al., 1987; Collisson et al., 1992). As a non-zoonotic virus, IBV 
is ideal for characterizing avian host responses to respiratory 
viruses. Furthermore, it provides a model for the highly contagious 
severe acute respiratory syndrome (SARS) in humans, which 
resembles IBV in transmission, pathogenesis and genome structure 
(Jackwood, 2006). 

In chickens, IBV causes a highly contagious acute respiratory 
disease especially in commercial flocks and is transmitted by aer- 
osol and fecal contamination. While respiratory signs of illness 
are coughing, sneezing, nasal discharge, gasping and tracheal rales, 
IBV successfully replicates in various tissues including respiratory, 
intestinal and reproductive tracts, as well as kidneys and infections 
have been linked to nephrogenic, enteric and reproductive diseases 
(Cavanagh and Nagi, 2003; Lucio and Fabricant, 1990; Raj and 
Jones, 1997). Chickens of all ages can be infected, but morbidity 
and mortality are generally more severe in very young chicks. Eco- 
nomic losses are mainly attributed to decreased weight gain, feed 
efficiency, egg production and quality, mortality and condemna- 
tion (Cavanagh and Naqi, 2003). 
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IBV infection induces humoral and cellular immune responses 
in chickens, which result in viral clearance and protection against 
challenge infection (Cavanagh, 2007; Collisson et al., 2000; Ignjato- 
vic and Galli, 1994; Pei et al., 2001; Raj and Jones, 1997; Seo et al., 
2000). The first IBV vaccine strains, which have undergone many 
in vivo and in vitro passages, were derived from the classical IBV 
Massachusetts 41 (M41) and the closely related Beaudette strains 
(Cavanagh and Nagi, 2003; Hodgson et al., 2004). M41, a prototype 
strain of IBV, was first isolated in 1941 by Van Roekel at the Uni- 
versity of Massachusetts (Fabricant, 1998; Jungherr et al., 1956). 
During the following decades, numerous serologically and geneti- 
cally distinct strains were identified throughout the world. Molec- 
ular studies suggest that continuing evolution of the viral spike 
protein, the target protein of neutralization, can result in vaccine 
breaks and IBV outbreaks (Bochkov et al., 2006; Cavanagh and 
Naqi, 2003; Ignjatovic and Sapats, 2000; Ignjatovic and Galli, 
1994). Variations are a result of the common occurrences of point 
mutations and recombination events (Cavanagh et al., 2005; Jack- 
wood et al., 2012; Wang et al., 1994, 1993). 

The severity of infection with IBV may depend, in part, on the 
genetics of the infected chickens, including differences in immune 
responses (Bacon et al., 2004; Cook et al., 1990; Nakamura et al., 
1991; Otsuki et al., 1990; Zekarias et al., 2002). Successful selection 
and breeding of chickens for disease resistance is a rational ap- 
proach to reducing disease-related losses. Inbred White Leghorn 
line 15] birds were shown to be more susceptible to IBV challenge 
than line C, which exhibited more severe clinical symptoms and a 
greater amount of virus was recovered from the respiratory tract 
and kidneys (Cook et al., 1990; Nakamura et al., 1991; Otsuki 
et al., 1990). A retrospective study implicated the MHC B region 
in resistance to IBV where the vaccinated chicks with B13 and 
B21 haplotypes experienced higher mortalities than those with 
the B15 haplotype (Bacon et al., 2004). The B15 haplotype has been 
associated with Rous sarcoma virus (RSV) progression of tumors 
and sensitivity to Marek’s disease virus (MDV), and the B2 haplo- 
type was associated with RSV regression and the B21 with moder- 
ate regression of RSV induced tumors (Bacon et al., 2000). 

The chicken B complex, which includes the B-F or MHC class I 
genes, B-L or MHC class II genes and B-G genes, unique to birds 
(Miller et al., 1988; Plachy et al., 1992), consists of at least 242 
genes, mostly related to innate and adaptive immune responses 
(Briles and Briles, 1987; Shiina et al., 2007). There are over 50 
genetically defined chicken MHC or B haplotypes (Fulton et al., 
2006). Although the MHC B region has been implicated in resis- 
tance, a clinically controlled study examining the extent of suscep- 
tibility and resistance to IBV induced disease in a spectrum of B 
haplotypes has not been reported. 

The current studies compare the clinical respiratory illness 
associated with the pneumotropic and nephrotropic IBV Gray 
strain infection of chickens from five homozygous lines and one 
heterozygous line defined by their MHC B haplotypes. Birds with 
B haplotypes selected on the basis of their Gray strain associated 
respiratory disease were infected with a second IBV strain, the 
pneumotropic M41, for scoring of clinical illness, viral load and 
performance. 


2. Materials and methods 
2.1. Viral stocks 


The pneumopathogenic M41 and the moderately pneumopath- 
ogenic and moderately nephropathogenic Gray strains of IBV were 
separately propagated in 10-day-old specific pathogen free (SPF) 
chicken embryos (Sneed et al., 1989). The morbidity (any respira- 
tory illness during any of the days examined) resulting from 


infection with either strain was >90% in these studies. The IBV 
M41 strain was further passaged twice in 4-5-day-old SPF chicks. 
The virus was collected from the pooled supernatants of trachea 
and lungs when respiratory signs were observed in chicks at 6 
and 8 days post infection (PI) for passage 1 and at days 7, 9, 11 
and 13 days PI for passage 2. The viral titers of the IBV strains were 
determined in embryonated chicken eggs by the Reed and Muench 
method (1938) and expressed as embryo infectious dose 50 per ml 
(EIDso/ml). The viral stocks were stored at —80 °C. 


2.2. Experimental animals 


All chicks used in these experiments were hatched and housed 
in an SPF environment. Eggs with embryos, that were homozygous 
for B19, B2, B8, B5 and B12 haplotypes and the heterozygous B2/ 
B12 haplotype, were obtained from Northern Illinois University 
(NIU), DeKalb, IL (Briles and Briles, 1982). The NIU chicken lines, 
with simultaneous segregation of nine alloantigen genes and par- 
ticular MHC genes, were derived from unvaccinated chickens in 
flocks negative for IBV and avian influenza and have been main- 
tained as closed flocks at NIU since 1970. Two chicken stocks of di- 
verse origins (White Leghorn and Wisconsin inbred line 3 Ancona 
breeds) have been selected for crosses to yield full and half-sib 
families (Briles, 2004). All matings were designed to utilize parents 
from multiple families of the desired B haplotype with minimal 
inbreeding, where full and half sib matings were avoided. All NIU 
eggs were obtained from birds, whose MHC B haplotypes had been 
identified and were distinguishable by serology and microsatellite 
typing. All the homozygous B haplotype eggs were collected from 
several matings, in which all parents were homozygous for the 
19, 12, 2, 5 or 8 B type allele (Briles and Briles, 1982; Fulton 
et al., 2006). The heterozygous B2/B12 chicks were obtained from 
several matings of B2/B2 dams and B12/B12 sires. The SPF eggs 
used for the titration of virus were obtained from Avian Vaccine 
Services (Charles River Laboratories, Inc., North Franklin, CT). All 
birds were humanely euthanized by isoflurane overdose. Animal 
experiments were approved by the institutional animal care and 
use committees of Texas A&M University and Western University 
of Health Sciences. 


2.3. Experimental design 


Each experimental group was housed separately in an SPF envi- 
ronment with free access to feed and water. Chicks were inocu- 
lated by the oculo-nasal route at 5-6 days of age with either the 
Gray or M41 strain of IBV or with buffered phosphate (PBS) as con- 
trols (Pei et al., 2001; Seo and Collisson, 1997). In the initial IBV 
Gray experiment, 24 birds in each experimental group (B19/B19, 
B12/B12, B2/B2, B5/B5 and B2/B12) were infected with 10° EIDs9 
of Gray strain per bird, while the infected B8/B8 group had 36 birds 
and all uninfected control groups had 12 birds per group. In a 
separate second experiment, using B haplotype defined birds in- 
fected with 2 x 10!? ElDso IBV M41, 13, 17 and 21 birds were used 
in the uninfected control B2/B2, B19/B19 and B8/B8 groups, 
respectively, while 16, 20 and 21 chicks were used in the infected 
B2/B2, B19/B19 and B8/B8 groups, respectively. In a separate 
experiment quantifying M41 in vivo, seven 6-day-old SPF chicks 
were used for inoculation of each 10-fold (10~! and 10-° in PBS) 
dilution of M41 (10 EIDs9/ml), while 12 age-matched uninfected 
control chicks were inoculated with an equivalent volume of PBS. 
The chicks given M41 were inoculated with 0.2 ml and those given 
Gray were inoculated with 0.1 ml total volume of virus per chick in 
PBS. The IBV Gray study was conducted in the Lab Animal Research 
Resources facility at Texas A&M University, College Station, TX; 
while the IBV M41 studies were performed in the Animal 
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Resources facility at Western University of Health Sciences, Pomo- 
na, CA. 


2.4. Clinical illness and chicken performance 


All chicks were examined daily for signs of clinical illness. Clin- 
ical illness of control and IBV Gray-infected chicks was scored daily 
from 0 to 3+ according to the following criteria: 0 =no illness; 
1+ = sneezing/coughing or nasal discharge; 2+ = sneezing/coughing 
or nasal discharge and tracheal rales and 3+ = sneezing/coughing 
or nasal discharge, tracheal rales and labored breathing or depres- 
sion (Pei et al., 2001). More stringent criteria were instituted for 
scoring of clinical illness for IBV M41-infected chicks. All control 
and IBV M41-infected birds were examined daily for the following 
clinical signs: (1) depression, (2) ruffled feathers, (3) swollen si- 
nuses or ocular discharges, (4) nasal discharge, (5) coughing/sneez- 
ing, (6) gasping and (7) tracheal rales. These seven clinical signs 
were scored according to the following criteria: O=no signs; 
1+ = mild signs; 2+ = moderate signs and 3+ = severe signs with a 
range of 0 to a maximum of 21+. The average percentage of maxi- 
mum possible observed clinical illness for each group in each study 
was calculated as: (A/B) x 100, where A was the average total clin- 
ical score observed for all chicks in a group and B was the maxi- 
mum possible total clinical score for the total number of chicks 
in a group (Pei et al., 2001). Chicken performance was assessed 
by measuring the daily body weight in grams (g) of individual 
chicks and calculated as the average weight in grams per group 
per day. 


2.5. Real-time RT-PCR for identifying IBV infection in harvested tissues 


Four chicks from each IBV M41-infected group and three to four 
birds from each control group were randomly selected from each B 
haplotype (B19/B19, B2/B2 and B8/B8) at 4, 8, 12 and 16 days PI for 
collection of trachea, lungs and kidneys. Tissues were collected 
over ice and stored at —80 °C within the next 2 h. Viral RNA (ribo- 
nucleic acid) was extracted and used as templates for the amplifi- 
cation of the 5’ non-coding region of the viral genome. Forward and 
reverse primers for the IBV 5’ UTR (untranslated region) generated 
a 143 bp (base pairs) fragment that was used with a Taqman dual- 
labeled probe. Adjusted IBV genome copy number (#) was quanti- 
fied from known weights of trachea, lung and kidney tissues using 
real-time Taqman RT-PCR (reverse transcription polymerase chain 
reaction). As few as 100 genome or template copies per 1 ml of 
sample could be quantified using this protocol (Callison et al., 
2006). The percentages of birds with positive IBV genome copy 
numbers (containing more than 100 viral genome copies per 
1 ml sample) were determined for each tissue at varying days PI. 


2.6. Statistical analysis 


The average percentages of total possible illness of control and 
IBV Gray-infected chicks were statistically analyzed for each haplo- 
type and day PI by ANOVA (analysis of variance) at a significance of 
p< 0.05. The average percentages of maximum possible observed 
clinical illness, based on accumulative scores for each clinical sign 
as described above in the “Clinical illness and chicken perfor- 
mance” Section 2.4, were calculated for each day for each bird. 
The average percentages of maximum possible observed clinical 
illness and the average weights of control and IBV M41-infected 
birds data were tested for normality and analyzed for significant 
differences (p< 0.05) among the various B haplotype/treatment 
groups using two-way analysis of variance (2-way ANOVA). All sta- 
tistical analyses were conducted using GraphPad Prism 5 for Win- 
dows version 5.04 software 1992-2010 (GraphPad software, Inc., 
La Jolla, CA). 


3. Results 


3.1. Severity of clinical illness of birds infected with IBV Gray was 
associated with defined MHC B haplotypes 


In the initial experiment, comparison of the clinical illness fol- 
lowing infection with the moderately pneumopathogenic Gray 
IBV was evaluated in 6 lines of chickens defined by their unique 
MHC B region. Chicks in 5 lines were homozygous for the B loci 
(B2, B5, B8, B12 and B19) and chicks in the sixth line were hetero- 
zygous for B12 and B2. In this initial infectivity study, chicks were 
infected with the moderately pneumopathogenic/nephropatho- 
genic IBV Gray strain. Following IBV Gray infection, the presenta- 
tion of clinical illness (on the basis of 0 to 3+) of the homozygous 
B19 and B12 birds was greater than that of the homozygous B5 
and B2 and the heterozygous B2/B12 birds. Differences were signif- 
icant (p < 0.05) at 2, 5, 8 and 10 days PI (Fig. 1). While the B2/B2, 
B5/B5 and B2/B12 chicks showed a more rapid decline in clinical 
illness after the peak of severity at day 7 PI, the B12/B12 and 
B19/B19 chicks recovered only slightly by day 8 PI and still dis- 
played greater clinical illness at 10 days PI. Although B8/B8 birds 
demonstrated a similar degree of clinical illness as that of the 
B12/B12 and B19/B19 birds until day 7 PI, there was definitely a 
more rapid decline in signs of respiratory illness by day 8 PI com- 
pared with those of the B2 and B5 homozygous birds. No signs of 
illness were observed in the PBS inoculated controls (data not 
shown). 


3.2. In vivo quantification of IBV M41 stock or Infectious 


A second experiment was designed to examine the pathogene- 
sis of a more virulent pneumopathogenic IBV M41 strain passaged 
in vivo in lungs and trachea. Stock IBV M41 was collected from the 
homogenates of lungs and tracheas from IBV M41-infected SPF 
chicks. The infectious dose was determined in chicks in vivo follow- 
ing oculo-nasal inoculation using illness criteria, ranging from 0 to 
21+ per chick. Although illness was observed in chicks inoculated 
with all five dilutions of virus from 6 to 22 days PI, maximum 
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Fig. 1. Observed clinical illness of IBV Gray-infected chickens differed with the 
MHC B haplotype. Groups of 12-36 chickens homozygous for B2, B5, B8, B12 and 
B19 haplotypes and the heterozygous B2/B12 were examined daily for clinical 
respiratory signs. Indicators of illness included nasal discharge or sneezing, tracheal 
rales and depression, which were scored in a range from 0 to 3+. Each data point 
represents the average percentage of total possible clinical illness score + SEM. 
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illness was observed following infection with the 10-'-10-? dilu- 
tions of the IBV M41 stock (Fig. 2). The second highest concentra- 
tion of the virus (10°) was chosen because it was the lowest 
concentration of the virus stock that caused a significant reproduc- 
ible maximum clinical illness in SPF birds from 5 to 17 days PI with 
the shortest lag in appearance of respiratory signs (p < 0.05). 


3.3. Clinical illness following infection with IBV M41 was associated 
with the chicken B haplotype 


As indicated in the studies using the Gray strain of IBV, the 
homozygous B2, B8 and B19 chicks were selected for infection with 
the IBV M41 strain. The more comprehensive criteria used in quan- 
tifying the M41 stock were again used to compare clinical illness in 
birds with these selected representative haplotypes in a second 
experiment. Clinical illness was detected as early as 2 and 3 days 
PI in chicks of all three haplotypes (Fig. 3). The chicks with the 
B2/B2 and B8/B8 haplotypes consistently experienced less clinical 
disease than B19/B19 chicks on most days PI. The clinical illness 
of B8 homozygous birds reached a maximum at 5 days PI and be- 
gan declining 2 days earlier than B2 and B19 homozygous birds. 
Although the clinical disease reached a maximum at 7 days PI for 
both B2/B2 and B19/B19 chicks, the degree of clinical illness ob- 
served for B2/B2 and B8/B8 chicks was less than that observed 
for B19/B19 chicks. Significant differences in the severity of respi- 
ratory signs between B19/B19 and B2/B2 chickens were observed 
from 5 to 11 days PI and between B19/B19 and B8/B8 chickens 
from 7 to 11 and 13 days PI. No significant differences were noted 
in the degree of clinical illness between the B2 and B8 homozygous 
chickens at any day PI. No signs of illness were observed in any of 
the control birds receiving only PBS throughout the studies. 


3.4. Chicken performance after infection with the M41 strain of IBV 


The only significant differences in the average weights among 
the control birds were observed between the B19 homozygous 
birds and B8 homozygous birds from 11 to 16 days following inoc- 
ulation with PBS (Fig. 4). While all birds in the IBV M41-infected 
groups had consistently lower average weights after 13 days Pl 
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Fig. 2. Clinical illness of specific pathogen free (SPF) birds post infection with 5 
serial 10-fold dilutions of IBV M41 stock or phosphate buffer saline (PBS). Groups of 
7-12 control and infected birds were examined daily. Indicators of illness included 
depression, ruffled feathers, swollen sinuses, nasal discharge, coughing/sneezing, 
tracheal rales and gasping, which were scored on the basis of severity of each sign 
(no signs=0, mild=1+, moderate =2+ and severe = 3+) and scores collectively 
ranged from 0 to 21+. Each data point represents the average percentage (%) of 
maximum possible clinical illness + SEM. 


0 B19/B19 Control 
4B B19/B19 Infected 
O B2/B2 Control 
@ B2/B2 Infected 
© B8/B8 Control 
@ B8/B8 Infected 


= nD 
a r— 


= 
o 


Clinical Iliness (% Maximum Possible) 


Days Post-Inoculation 


Fig. 3. Observed clinical illnesses of B2 and B8 homozygous chickens were 
significantly less severe than the B19/B19 birds following infection with the IBV 
M41 strain. Groups of 13-21 control and infected B19/B19, B2/B2 and B8/B8 birds 
were examined daily. Indicators of illness included depression, ruffled feathers, 
swollen sinuses, nasal discharge, coughing/sneezing, tracheal rales and gasping, 
which were scored on the basis of severity of each sign (no signs = 0, mild = 1+, 
moderate = 2+ and severe = 3+) and collectively ranged from 0 to 21+. Each data 
point represents the average percentage (%) of maximum possible clinical 
illness + SEM. 
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Fig. 4. The average weights, as a measure of performance, of control (PBS- 
inoculated) and IBV M41-infected birds with distinct B haplotypes. Each data point 
represents the average body weight in grams (g) + SEM. 


than those of the corresponding control bird groups, the differ- 
ences in the average weights of only B8/B8 control and infected 
chicks were significant from 7 to 12 and 14 to 15 days PI. Further- 
more, the average weights of the infected B19/B19 birds were sig- 
nificantly lower than those of the infected B2/B2 from 14 to 
16 days PI and significantly lower than those of the infected B8/ 
B8 birds from 15 to 16 days PI. 


3.5. A greater percentage of B2/B2 and B8/B8 chickens cleared IBV M41 
more readily than B19/B19 chickens 


The percentages of birds positive for IBV were determined for 
the trachea, lungs and kidneys at 4, 8, 12 and 16 days PI using 
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Fig. 5. The percentage of B2, B8 and B19 homozygous birds positive for the virus in (A) Trachea, (B) Lungs and (C) Kidneys following IBV M41 infection indicated B2 and B8 
homozygous birds more effectively cleared virus. Tissues were collected from 3 control and 4 infected birds at 4, 8, 12 and 16 days post inoculation with PBS or IBV M41. Viral 
RNA was extracted and adjusted IBV genome copy number was quantified using real-time Taqman RT-PCR. Each data point represents the average percentage (%) of chickens 


containing more than 100 genome copies per 1 ml of RNA sample. 


real-time RT-PCR. The tracheas of all B2, B8 and B19 homozygous 
birds were positive for IBV on day 4 PI (Fig. 5a). From days 8 to 
16 PI, the tracheas of fewer B8/B8 chicks were positive compared 
with trachea tissues from B19/B19 birds, whereas the tracheas of 
fewer B2/B2 birds had detectable IBV RNA after day 8 PI than 
B19/B19 birds. Overall, virus could be detected in 75-100% of the 
tissues from lungs and kidneys of B19 homozygous birds. In con- 
trast, the percentages of B2 and B8 homozygous chicks positive 
for IBV in the lungs and kidneys were lower than B19/B19 after 
day 8 PI (Fig. 5b and c). Viral RNA was not detected in any tissue 
of the control chicks inoculated with PBS. 


4. Discussion 


Infectious bronchitis virus causes a non-zoonotic, highly conta- 
gious respiratory disease of birds resulting in invasive infection 
with virus not only replicating in the trachea and lungs, but also 
the kidneys, and reproductive and gastrointestinal tracts (Cava- 
nagh and Naqi, 2003; Jackwood, 2006). In the current studies, birds 
with the homozygous B2, B5 and B8 haplotypes were identified as 


having only mild clinical disease to IBV while those with the homo- 
zygous B12 and B19 haplotypes presented with severe clinical dis- 
ease. Interestingly, birds heterozygous for the less susceptible B2 
and the more susceptible B12 haplotypes were at least as resistant 
as B2/B2 birds, suggesting a dominance of the resistant B2 pheno- 
type. Similarly, Joiner et al. (2007) reported that the severity and 
duration of illness following Ark (Arkansas) IBV strain challenge 
was not significantly different in IBV-vaccinated B2/B15 and B2/ 
B21 birds, possibly reflecting the dominant B2 phenotype. In con- 
trast, the kinetics of clinical illness differed for the B8 homozygous 
birds. The clinical illness of the B8/B8 birds resolved earlier follow- 
ing infection with the Gray strain than the more susceptible B12/ 
B12 and B19/B19 birds or than the B19/B19 birds following infec- 
tion with the M41 strain. However, the initial respiratory signs of 
the B8/B8 birds were more severe early PI with the Gray strain sim- 
ilar to that observed for the B19 and B12 homozygous chicks 
although they recovered faster than even the B2/B2, B5/B5 and 
B2/B12 birds. The early differences observed following infection 
of the B8/B8 birds could be due to inherent differences in the B8/ 
B8 line of chicks. 
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It is noteworthy that our classifications for resistance and sus- 
ceptibility based on clinical illness correlated with clades or 
branches | (B2, B5 and B8) and III (B12 and B19) of sequence clus- 
ters described by Fulton et al. (2006) based on cluster analysis and 
sequence homology. Furthermore, the sequences in the B complex 
encompassing 14 gene loci from BG1 to BF2 have been shown to be 
identical at nine loci between the B12 and B19 haplotypes and at 
seven loci between the B5/B5 and B8/B8 (Hosomichi et al., 2008). 
However, sequences of the B2/B2 haplotype were not found to be 
relatively close to either the B12 and B19, nor the B5 and B8 hap- 
lotypes. Overall, the striking differences in disease resistance fol- 
lowing IBV infection may be, at least in part, a direct 
consequence of differences in MHC B region. This is consistent with 
the importance of cellular and humoral immunity on resolution of 
IBV associated disease (Collisson et al., 2000; Ignjatovic and Galli, 
1994; Ignjatovic and Sapats, 2000; Seo and Collisson, 1997; Seo 
et al., 1997). 

Congenic lines have been used to associate B haplotype with 
immune protection to MD vaccines (Bacon and Witter, 1993), 
while non-MHC genes have also been implicated in MDV vaccine 
efficacy (Bacon et al., 1996; Chang et al., 2010). Infection of con- 
genic lines of birds with a highly pathogenic strain of avian influ- 
enza virus (AIV) suggested that resistance could also be 
dependent on genes outside of the B locus (Hunt et al., 2010). How- 
ever, the strain of AIV used was lethal even in many of the more 
resistant birds. Thus, the pathogenesis is very different from IBV 
strains that cause respiratory illness with low mortality, although 
the resistance and susceptibility in our studies were similar 
regardless of the IBV strain used. It is possible that genes outside 
that B region do influence, if not determine, resistance to viral 
infection. Future studies, determining the pathogenesis of IBV in 
inbred congenic chicken lines homozygous and heterozygous for 
these haplotypes, would more precisely define the impact of the 
B region and/or non-B regions on viral resistance. Similar studies 
were also suggested in the review by Bacon et al. (2000). 

The negative impact of IBV M41 infection on body weight of 
chickens with the selected B2/B2, B8/B8 and B19/B19 haplotypes, 
determined as an indication of performance, correlated with the 
greater susceptibility of B19 homozygous birds, which had signifi- 
cantly lower body weights than the more resistant B2/B2 and B8/ 
B8 birds. The decrease in body weight due to infection is an ex- 
pected finding. Although not defined by their MHC, similar results 
were reported by Otsuki et al. (1990), where there was an indica- 
tion that the effect on body weight was more marked in the more 
susceptible line 151 compared with the more resistant line C by 
21 days PI following IBV infection. 

In the current studies with IBV M41, the more clinically resis- 
tant B2/B2 and B8/B8 birds cleared the virus from all tissues (tra- 
chea, lungs and kidneys) examined more readily than the B19/ 
B19 birds. Similarly, considerably more IBV was recovered from 
the respiratory tract organs and kidneys of the more susceptible 
line 151 chicks than the more resistant line C chicks (Otsuki 
et al., 1990). In contrast, Ignjatovic et al. (2003) reported that IBV 
distribution was similar in tissues (trachea, lungs and kidneys) of 
the susceptible and the resistant chicks throughout the acute phase 
(between 3 and 7 days) of infection. Moreover, IBV persisted longer 
in all tissues examined especially the lungs of B19 homozygous 
chicks than in the tissues of the B2 and B8 homozygous birds. 

The greater susceptibility to clinical illness observed in B19/B19 
birds could be a consequence of a more permissive environment 
for viral replication or due to a less effective immune response to 
infection, or to a combination of both. A more favorable environ- 
ment for infection could explain why clinical illness was more se- 
vere and lasted longer in B19/B19 than in B2/B2 and B8/B8 birds. 

Since variations in pathogenesis of IBV in various chicken hap- 
lotypes were observed early, the distinct differences in susceptibil- 


ity and resistance to IBV may be impacted by innate immunity. The 
clearance of IBV from the tissues of the more resistance birds, espe- 
cially early after infection could be attributed directly or indirectly 
to more responsive innate immune responses (Dawes & Drechsler, 
unpublished data). In companion studies, the B2/B2 macrophages 
differentiated more readily and were dramatically more responsive 
to both IFNy (interferon gamma) and poly I:C (polyinosinic poly- 
cytidylic acid) than B19/B19 macrophages (Dawes & Drechsler, 
unpublished data). The latter stimulant simulates infection with 
an RNA virus, such as IBV, and the IFNy response was intended 
to reflect the interphase between innate and adaptive immunity. 
Moreover, lymphocytes that infiltrate trachea, lungs and kidneys 
following infection with IBV have been shown to be T cells (Janse 
et al., 1994). MHC-restricted, IBV specific cytotoxic T cell responses 
have been shown to correlate with initial decreases in viral load 
and clinical signs (Collisson et al., 2000; Pei et al., 2003; Seo 
et al., 1997). Elucidating the interphase between innate and adap- 
tive immune responses to IBV needs to be further examined in 
resistant and susceptible birds of defined B haplotypes. 

Disease resistance of poultry to a number of avian viruses, such 
as Marek’s disease virus (Bacon et al., 2001; Hepkema et al., 1993), 
Rous sarcoma virus (Aeed et al., 1993; Collins et al., 1977; Taylor, 
2004), avian leukosis virus (Yoo and Sheldon, 1992), infectious bur- 
sal disease virus (Fadly and Bacon, 1992), AIV (Hunt et al., 2010) 
and Newcastle disease virus (Dunnington et al., 1992), has been 
associated with the MHC B region. The DNA sequencing of the 
MHC I (B-F) and MHC II (B-L) genes indicated that, although pro- 
moters of the avian are very similar, enhancer A sequences vary for 
the B2, B4, B8 and B21 haplotypes and are missing entirely in the 
B12 and B19 haplotypes (Kaufman et al., 1999; Miller et al., 
2004). Genetic resistance linked to the chicken B complex could 
be explained by variations in expressed MHC molecules. Although 
the IBV epitopes recognized by the MHC in these lines have not 
been defined, the nucleocapsid proteins of both IBV and AIV in- 
duced vigorous MHC matched virus specific CD8* T lymphocyte re- 
sponses (Seo et al., 1997; Singh et al., 2010a,b). 


5. Conclusions 


Resistance to IBV disease has not been previously examined in 
birds with these haplotypes. The results in this manuscript indicate 
that these lines may be useful in defining B haplotype-linked influ- 
ences on resistance to respiratory viruses, as well as differences in 
vaccines responses. These studies associated chicken MHC or B 
complex with IBV respiratory illness regardless of the IBV strain 
used. They also suggest that one might determine the sequences 
within the B2, B5 and B8 loci for eventual selection of chickens 
with resistance to IBV strains of distinct pathotypes. The chickens 
with the resistant haplotypes showed less severe clinical illness, 
cleared the virus infection sooner and performed better in terms 
of body weight than the susceptible chickens. An implication of 
these studies is the potential to breed birds with resistance genes 
from B2, B5 or B8 haplotypes in order to increase resistance to 
IBV and perhaps to other respiratory viral pathogens. While ongo- 
ing studies (Dawes and Drechsler, unpublished data) have identi- 
fied functional differences in macrophages that would likely 
impact the sequelae of viral infection, future studies should inves- 
tigate differences in adaptive immunity that would be further cor- 
related with viral resistance. 
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